Adolescents are generally characterized as impulsive. However, impulsivity is a multi-dimensional construct that involves multiple component processes. Which of these components contribute to adolescent impulsivity is currently unclear. This study focused on the neural mechanisms underlying individual differences in distinct components of temporal discounting (TD), i.e., the preference for smaller immediate rewards over larger delayed rewards. Participants were 58 adolescents (12-16 years-old) who performed an fMRI TD task with both monetary and snack rewards. Using mixed-effects modeling, we determined participants' average impatience, and further decomposed TD choices into: 1) amount sensitivity (unique contribution of the magnitude of the immediate reward); and 2) delay sensitivity (unique contribution of delay duration). Adolescents' average impatience was positively correlated with frontoparietal and ventral striatal activity during delayed reward choices, and with ventromedial prefrontal cortex activity during immediate reward choices. Adolescents' amount sensitivity was positively associated with ventral striatal and dorsal anterior cingulate cortex activity during immediate reward choices. Delay sensitivity was positively correlated with inferior parietal cortex activity during delayed reward choices. As expected, snacks were discounted more steeply than money, and TD of both reward types was associated with overlapping activation in the inferior parietal cortex. Exploring whether testosterone or estradiol were associated with TD and its neural correlates revealed no significant associations. These findings indicate that distinct components contribute uniquely to TD choice and that individual differences in amount sensitivity are uniquely associated with activation of reward valuation areas, while individual differences in delay sensitivity are uniquely associated with activation of cognitive control areas.
Introduction
Adolescents are typically characterized as impulsive. For instance, compared to children and adults, they show increased levels of substance use and other reckless behaviors (Steinberg, 2008) . However, not all adolescents are equally impulsive. Importantly, adolescents who are highly impulsive are at a heightened risk to develop behavioral problems, such as substance abuse (Audrain-McGovern et al., 2009) , with substantial costs across all domains of life (i.e., social, financial, health) (Mertens et al., 2003) . Therefore, it is important to understand the mechanisms underlying individual differences in adolescent impulsivity, as this could inform prevention and intervention programs.
A key component of impulsivity, namely the preference for smaller, more immediate rewards over larger delayed ones has been widely studied with temporal discounting (TD) tasks (see Scheres et al. (2013) , for a review). TD refers to the decrease in subjective value of a reward as the delay preceding its delivery is increased. TD tasks involve choices between smaller, more immediate rewards (e.g., $2 today) and larger, delayed rewards (e.g., $10 in 90 days). Adolescents with psychiatric disorders whose core symptom includes impulsivity (e.g., AttentionDeficit/Hyperactivity Disorder (ADHD), substance abuse, gambling, and conduct disorders) have been found to show steeper TD than typically developing adolescents Jackson and MacKillop, 2016; MacKillop et al., 2011; Patros et al., 2016; Reynolds, 2006; Scheres et al., 2010; White et al., 2014) . Typically developing adolescents also show steeper TD than adults (de Water et al., 2014; Studies investigating the neural correlates of TD have implicated both frontoparietal and limbic brain areas in TD, including the lateral prefrontal cortex (PFC), parietal cortex, ventral striatum (VS), medial PFC (mPFC) and posterior cingulate cortex (PCC) (Scheres et al., 2013) . The few studies that have explored the neural mechanisms of individual differences in TD in adolescents (Benningfield et al., 2014; Ripke et al., 2012; Stanger et al., 2013) have found that differential functioning of both frontoparietal and limbic areas contributes to these individual differences. One study reported that adolescents who exhibit relatively steep TD show increased activation of lateral prefrontal and parietal brain areas during delayed reward choices, and increased activation of the VS and ventromedial PFC (vmPFC) during immediate reward choices (Stanger et al., 2013) . However, other studies reported decreased VS activation during decision-making (Ripke et al., 2012) or reward processing (Benningfield et al., 2014) in adolescents who show relatively steep TD.
In the present study, we used mixed-effects modeling (Baayen et al., 2008) to determine individual differences in adolescents' average preference for immediate rewards (i.e., average impatience) and two distinct components of TD choice: 1) amount sensitivity, or the unique effect of the amount of the immediate reward; and 2) delay sensitivity, or the unique effect of the delay duration. The first goal of this study was to investigate the neural mechanisms underlying individual differences in adolescents' average impatience, and amount and delay sensitivity. We hypothesized that average impatience would be positively associated with superior parietal cortex activity (Stanger et al., 2013) , and either positively (Stanger et al., 2013) or negatively (Figner et al., 2010; Gianotti et al., 2012) associated with dorsolateral PFC (DLPFC) activity during delayed reward choices. Further, we predicted that average impatience would be positively associated with activation of the vmPFC (McClure et al., 2004; Stanger et al., 2013) and with differential recruitment of the VS (Benningfield et al., 2014; Ripke et al., 2012) during immediate reward choices. We expected that amount sensitivity would be positively associated with VS and vmPFC activity during immediate reward choices (Kable and Glimcher, 2007; . We anticipated that delay sensitivity would be positively associated with amygdala and insula activation during delayed reward choices (Lemiere et al., 2012; Plichta et al., 2009; Wilbertz et al., 2013) .
The second goal of this study was to directly compare the neural correlates of TD of money and snacks in adolescents, and to explore whether amount and delay sensitivity contributed differently to TD of both reward types. We expected that adolescents would discount delayed snack rewards more steeply than monetary rewards (Demurie et al., submitted for publication; Estle et al., 2007; Jimura et al., 2011) . We also expected that TD choices for money and snacks would both activate frontoparietal regions (McClure et al., 2004 (McClure et al., , 2007 , and that monetary choices would activate the medial orbitofrontal cortex (mOFC) more than snack choices, whereas snack choices would activate the anterior insula more than money choices (Sescousse et al., 2013) .
The third goal of this study was to explore whether testosterone and estradiol levels might be associated with TD components and their neural correlates. When investigating the neural mechanisms underlying individual differences in TD in adolescence, it is important to account for pubertal hormone levels (e.g., testosterone and estradiol), as they increase rapidly in adolescence (Peper and Dahl, 2013) , and have been reported to stimulate impulsive behaviors by influencing brain activity in reward-related brain areas, such as the VS (Braams et al., 2015; Op de Macks et al., 2011) . We expected that higher testosterone and estradiol levels would be associated with increased discounting of delayed rewards (Bromberg et al., 2015) , and increased VS activation during decision-making (Braams et al., 2015; Op de Macks et al., 2011) .
Methods

Participants
Participants were 61 adolescents (all but one right-handed) who completed a functional magnetic resonance imaging (fMRI) session. Three participants were excluded from subsequent analyses, due to head motion > 3 mm, a brain anomaly, or limited field-of-view coverage. Thus, data from 58 adolescents (31 girls; M age=14.5 years, SD=1.2, range=12-16 years) were reported. IQ (M=109, SD=13, range 80-135) was estimated from the Vocabulary and Block Design subtests of the WISC-III (Wechsler, 1991) . The Child Behavior Checklist (CBCL; Achenbach and Rescorla, 2001) was filled out by a parent. No participant scored in the clinical range (T-score ≥70) for internalizing or externalizing problems.
Temporal discounting task
Each participant performed a TD task in the MRI scanner (see Fig. 1 ). The TD task included two blocks with monetary rewards, and two blocks with snack rewards. The task was potentially real, in that one choice was randomly selected for each reward type and given to participants. If the participant chose an immediate reward, they received the respective outcome (money and snack) immediately. If Fig. 1 . Trial procedure of the temporal discounting task. Note. Participants had to indicate their choice within 8000 ms. After indicating their choice by pressing a button, they immediately continued to the variable fixation period before the next trial.
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NeuroImage 153 (2017) 198-210 the participant chose a delayed reward, the money was transferred to their bank account, and the snack was mailed or delivered to their home at the corresponding delay. A potentially real task relies on the assumption that each choice will be made as if it has real consequences, since participants do not know which choice will be selected and paid (Scheres et al., 2013) . A total of 80 choices were administered for each reward type between a small reward available on the day of testing ("today"), and a larger reward available after a delay. In snack trials, participants chose between different amounts of their favorite snack, selected from a list of 14 types (see Supplementary Table 1 ). The delayed reward was always €10 or 10 snacks for the monetary or snack task, respectively. The immediate reward was ⎕2, ⎕4, ⎕6, or ⎕8 or 2, 4, 6 or 8 snacks. There were five delays: 2, 14, 30, 90, and 180 days. For each trial type, each immediate reward-delay combination was presented four times. In addition to money and snack choices, there were 20 control trials in which participants chose the larger of two circles. These control trials allowed us to compare brain activity between TD choices and choices not requiring consideration of reward amounts or delays but only a perceptual decision and motor response.
Participants indicated their preference by pressing a button on a button box with their right index finger (for the option presented on the left) or their right middle finger (for the option on the right). Participants were given 8000 ms to indicate their preference, and their choice was highlighted for 100 ms, followed by the presentation of a fixation cross during the intertrial interval with a variable duration (2000-6000 ms; M=3656 ms) (cf. Ballard and Knutson, 2009; Bickel et al., 2009; Buechel, 2009, 2010; Weber and Huettel, 2008) to jitter the trial onsets. The position of the options on the screen was counterbalanced across trials.
Each participant completed 22 practice trials (10 money choices, 10 snack choices, and 2 control choices) before entering the scanner. In the scanner, the TD task was administered in 4 blocks of 45 choices (40 TD choices and 5 control choices). Money and snack choices were administered in four separate, alternating blocks (counterbalanced across participants). The TD task lasted approximately 20 min.
Participants were asked to refrain from eating snacks 24 h before the experiment. The experimenter weighed and measured each participant in order to compute their Body Mass Index (BMI; weight in kg/ height in cm 2 ). Participants also reported the time since their last meal (in hours and minutes), and how hungry they felt on a 10-point scale, immediately before the TD task. None of these variables correlated significantly (all p's > .12) with TD choices (neither money nor snack choices).
Reward valuation
Participants rated on a 10-point scale how much they would enjoy receiving each reward that was used in the task (see Fig. S1 ). Participants' average rating across the rewards of each type (money, snacks) was taken as an index of subjective reward valuation of that reward type. Participants also indicated how much money they were willing to pay for each snack amount (see Fig. S2 ). These reward valuation questions were administered before the task for half the participants, and after the task for the other half.
Subjective delay perception
We assessed participants' subjective delay perception by presenting them with a 180 mm visual analogue scale, with the anchors "very short" and "very long" below the left and right ends of the scale, respectively (Zauberman et al., 2008) . For each delay used in the task, participants indicated how long they considered it by placing a pencil mark on the line. The length (in mm) from the left end of the line to the mark was taken as an index of subjective delay perception (see Fig. S3 ).
Quick delay questionnaire
To assess participants' delay aversion and delay discounting in daily life, they filled out the Quick Delay Questionnaire (QDQ; Clare et al., 2010; Hsu et al., 2015) , which has high test-retest reliability (r=.81). QDQ delay aversion and delay discounting scores positively correlate with ADHD symptoms (Clare et al., 2010) . The QDQ has 5 items for delay aversion (e.g., "Having to wait for things makes me feel stressed and tense "), and 5 items for delay discounting (e.g., "The future is not important to me, I only consider the immediate consequences of my actions"); participants rated how well each statement described their behavior in the past 6 months on a 5-point scale (1=not like me at all, 5=very like me). The five ratings for each scale were averaged to one for delay aversion (Cronbach's α=.78) and delay discounting (α=.61). Scores for positively phrased questions were reversed, such that higher scores indicated more delay aversion or discounting.
Pubertal hormones
Participants collected saliva samples by passive drool at home on two consecutive days. Girls who had reached menarche collected the samples on days 6 and 7 after the start of their period, or during their stop week if they used oral contraceptives (n=1) (see de Water et al. (2013) , ). On each day, participants collected two saliva samples: directly after waking up, and 15 min later. The two daily samples were first combined (Wood, 2009) , and testosterone and estradiol levels were subsequently determined using an enzyme-linked immunosorbent assay (ELISA; IBL, Hamburg, Germany) at the Clinical Chemistry Lab of Medical Centre Alkmaar, the Netherlands. The lowest detectable levels were 0.4 pg/mL for estradiol, and 4.7 pg/mL for testosterone. The reliability coefficients of the hormone assays are reported in Supplementary materials.
Given that hormone levels for the two days were highly correlated (testosterone: rho=.77, p < .001; estradiol: rho=.55, p < .001), we used average testosterone and estradiol levels for the two days in analyses. Testosterone level was log-transformed to reduce positive skew. One outlier ( > 3 SD of the mean within each gender) was excluded from analyses (1 boy for estradiol).
Participants completed the Pubertal Development Scale (PDS; Petersen et al., 1988) , to report Tanner stages (Carskadon and Acebo, 1993) . Consistent with prior studies with participants of the same age (Crockett and Petersen, 1987) , all Tanner stages were represented in our sample: prepubertal (6.7%), early pubertal (10.0%), midpubertal (31.7%), late pubertal (48.3%), and postpubertal (3.3%). As expected, girls reported more advanced Tanner stages than boys (t=2.95, p=.005), even though they did not differ significantly in age (t=0.63, p=.53).
f MRI data collection
Neuroimaging data were collected using a 1.5T Siemens Avanto scanner with a 32-channel head coil. To minimize head movement, we placed foam inserts around each participants' head and paper tape across their forehead and the head coil. We collected: (1) a T1-weighted anatomical scan (repetition time=2250 ms, echo time=2.95 ms, field of view=256 mm, 176 slices, slice thickness=1 mm, slice gap=0.5 mm, flip angle=15°, duration=5 min 14 s), and (2) functional images using a multi-echo GRAPPA sequence during four runs of approximately 5 min each (repetition time=2010 ms, echo times=9. 4, 20.9, 33, 44 , and 56 ms, field of view=224 mm, 32 sequential slices collected in ascending order, slice thickness=3 mm, slice gap=0.51 mm, flip angle=90°). Before the first run, we collected 30 volumes (prescans). The first two volumes of runs 2-4 were discarded to allow for steady state magnetization.
Procedure
Participants were first familiarized with the scanner environment by performing practice trials of the TD task in a mock scanner. In the MRI scanner, they first watched a movie while the T1-weighted anatomical scan was collected, followed by the TD task. A second task (social exclusion paradigm) and a DTI scan were collected after the TD task, which are not reported in this manuscript. After the MRI session, participants completed the QDQ, PDS and WISC-III subtests. Participants were paid €20 for their participation, and could earn an additional €2-€10 and 2-10 snacks depending on the randomly selected choices in the TD task. Parents gave informed consent, participants gave informed assent. All procedures were approved by the Medical Ethical Committee of the first author's institute.
Mixed-effects model analyses
TD task choices were analyzed with a generalized linear mixedeffects model using the lme4 package (Bates et al., 2015) in R (version 3.2.0; R Core Team, 2013). The dependent variable was TD choice (1=immediate reward choice, 0=delayed reward choice) (see Fig. 2 for individual differences in the % of delayed reward choices). The model included a fixed intercept and the following fixed effects: amount of the immediate reward, length of the delay, reward type (snacks, money), the interaction between amount and reward type, and the interaction between delay and reward type. In addition, for each participant, random adjustments to the fixed intercept and to the slopes of all fixed effects (main effects and interactions) were included. Furthermore, all correlation terms among the random effects were estimated, resulting in a model "maximal with respect to the random effects" as suggested by Barr et al. (2013) , to avoid inflated Type 1 errors. Amount and delay were standardized (centered and scaled), and reward type was specified by a sum-to-zero contrast (1=snacks, −1=money). The model was estimated using the objective amounts and delays, as this model fit better than the model with subjective amounts and delays based on participants' reward valuation and subjective delay perception ratings (see Supplementary materials).
The fitted mixed-effects model reads in formal notation:
First level: logit (y it )=π 0i + π 1i * Amount t + π 2i * Delay t + π 3i * Reward Type t + π 4i * (Reward Type t * Amount t ) + π 5i * (Reward Type t * Delay t ) + ℇ it Second level:
In which y it indicates the response of the ith individual at the tth trial, with y it =0 denoting a delayed reward choice and y it =1 denoting an immediate reward choice. Substitution of the second level model into the first level model gives the integrated model that was fitted to the data. Parameters in this model are the fixed effects (γ) and the random effects (the variance of ℇ term and ξ terms). The variance ξ 0i denotes between-participant variance in the tendency to select the immediate reward (average impatience), and the variances ξ 1i and ξ 2i denote between-participant variance in the effect of amount (amount sensitivity) and delay (delay sensitivity) on immediate reward choice, respectively. The variance ξ 3i denotes between-participant variance in the effect of reward type on immediate reward choice, and the variances ξ 4i and ξ 5i denote between-participant variance in the reward type * amount interaction and the reward type * delay interaction, respectively. Finally, the variance ℇ it denotes within-participant variance. As delay and amount were standardized, the fixed intercept, γ 00 , denotes the tendency to select the immediate reward for average amount and delay. The model also includes main effects of amount and delay (γ 10 and γ 20 , respectively), a main effect of reward type (γ 30 ), as well as interactions of reward type with amount and delay (γ 40 and γ 50 , respectively). All fixed and random effects estimate how a change in one of the predictors (e.g., the effect of amount on immediate reward choice) affects the dependent variable (i.e, immediate reward choice) when the other variables are held constant (Baayen, 2004) . For instance, the unique contribution of amount to immediate reward choice is estimated, controlling for the contribution of delay, and vice versa.
To examine the mechanisms underlying individual differences in TD, we extracted three so-called Best Linear Unbiased Predictions (BLUPs; the model's best estimate for each participant's intercept and regression coefficients) for each participant: 1) Average impatience (random intercept) reflects each participant's likelihood to choose the immediate reward for an average amount and delay. Higher values indicate a greater tendency to choose the immediate reward. This BLUP is similar to the frequently used AUC and k rate in that it includes both the influence of delay and amount on choice. Consistent with this point, participants' random intercept was highly correlated with both their AUC (rho=−.93, p < .001 for money and snacks) and k rate (money: rho=.77, p < .001; snacks: rho=.83, p < .001); 2) Amount sensitivity (random amount slope) indexes the unique contribution of the immediate reward amount to TD choice. Higher values indicate an increased likelihood of choosing the immediate reward as its amount increases; 3) Delay sensitivity (random delay slope) indexes the unique contribution of delay to the larger reward to TD choice. Higher values indicate an increased likelihood of choosing the immediate reward as the delay to the delayed reward increases.
We explored gender differences in the three BLUPs by performing a generalized mixed-effects model analysis that included a fixed intercept and fixed effects for amount of the immediate reward, delay to the delayed reward, gender (sum-to-zero contrast: 1=girl, −1=boy), gender by amount, and gender by delay. Again, for each participant, random adjustments to the fixed intercept and to the slopes of amount, delay, gender, gender by amount, and gender by delay were included. All correlation terms among the random effects were explicitly estimated, and amount and delay were standardized.
Finally, we examined whether the BLUPs were correlated for money and snack choices by performing separate generalized mixed-effects model analyses for the money and snack choices. Both models included a fixed intercept and fixed effects for amount of the immediate reward, and delay. Again, for each participant, random adjustments to the fixed intercept and the slopes of amount and delay were included. All correlation terms among the random effects were explicitly estimated, and amount and delay were standardized.
For the mixed-effects model analyses the optimizer "bobyqa" was used, with a maximum number of 1×10 9 iterations. P-values were determined using Likelihood Ratio Tests as implemented in the mixed function of the afex package (Singmann et al., 2015) . We used SPSS version 22.0 to compute Spearman rank-order correlations (rho) of the participant-specific BLUPs with hormone levels, QDQ scale scores, and age. We also computed Spearman rankorder correlations (rho) of the participant-specific BLUPs for money and snack choices, to examine the correlations of the TD components between both reward types.
Analyses of fMRI data
The fMRI data were preprocessed and analyzed in SPM8 (Wellcome Trust Centre for Neuroimaging, London, UK). From the 30 prescans, optimal weights were calculated for each of the five echo times and used to combine them to one image per volume (Poser et al., 2006) . Data were realigned using a rigid body transformation and slice time corrected. The T1-weighted anatomical scan was segmented, and functional images were coregistered to the segmented gray matter image. Finally, data were normalized to an MNI template (ICBM152) and smoothed with a 5 mm FWHM Gaussian kernel. Three event types were modeled in the general linear model implemented in SPM8: Delayed reward choice, Immediate reward choice, and Control task choice. Events were modeled separately for each block. Events were modeled at the onset of the presentation of the choice (duration=re-sponse time of that choice, mean RT=1957 ms), and convolved with a hemodynamic response function and its first-order temporal derivative. Trials in which participants responded faster than 300 ms or failed to respond within 8000 ms were not included in the model (to eliminate trials in which participants likely did not process the options sufficiently) (cf. Lansu et al., 2012) . Additional regressors were included to model head motion (18 parameters indicating motion relative to the first image of the run: 3 translation and 3 rotation parameters plus the square and first-order derivative of each of these six motion parameters), and to model the objective amount of the immediate reward and delay (parametric regressors, linear trend). To avoid removing low-frequency task-induced effects, we applied a highpass filter with a 320 s cutoff (the maximum duration of a run).
Whole-brain analyses
Pairwise contrast images were first computed at the participant level, and subsequently entered in group level one-sample t-tests. First, we examined brain regions that were involved in TD choices, independent of individual differences. The following contrasts were computed: TD choice > Control choice, Delayed reward choice > Immediate reward choice, Immediate reward choice > Delayed reward choice (the latter two contrasts could not be computed for 4 participants: 3 participants always chose the delayed reward, while 1 participant always selected the immediate reward). These contrasts were computed combined for the money and snack runs.
Second, we examined how individual differences in TD and hormone levels were associated with brain activity during TD choices. We performed one-sample t-tests on the contrast Delayed reward choice > Immediate reward choice, with either the participant-specific BLUPs or hormone levels as covariates of interest. Specifically, to examine the neural mechanisms of individual differences in TD, three one-sample t-tests were run: one with average impatience (random intercept) as a covariate, one with amount sensitivity (random amount slope) as a covariate, and one with delay sensitivity (random delay slope) as a covariate. Two one-sample t-tests were run to examine the associations between hormone levels and brain activity: one with estradiol as a covariate, and one with log-transformed testosterone as a covariate. Given the gender-specific nature of pubertal hormones, the hormone analyses were performed for boys and girls separately, with age as an additional covariate.
Third, we compared brain activity during money TD choices versus snack TD choices in two ways. We first examined the neural overlap, that is regions that were active during TD of money and snacks, using a conjunction analysis under the conjunction null hypothesis (Nichols et al., 2005) . We examined the neural overlap for money and snacks: 1) during TD choices compared to Control choices (conjunction: TD money choice > Control choice & TD snack choice > Control choice); 2) during delayed reward choices compared to immediate reward choices (conjunction: money delayed reward choice > money immediate reward choice & snack delayed reward choice > snack immediate reward choice) and; 3) during immediate reward choices compared to delayed reward choices (conjunction money immediate reward choice > money delayed reward choice & snack immediate reward choice > snack delayed reward choice).
Second, we directly compared brain activity during TD choices for money versus snacks by examining brain areas that were more active for TD of money than TD of snacks, and vice versa. We computed pairwise contrast images at the participant level, which were subsequently entered in one-sample t-tests at the group level. The difference in mean reward valuation ratings of the money and snack rewards were included as a covariate, to account for differences in valuation between them. We compared activity during TD choices for money versus snacks, independent of whether participants chose the immediate or delayed reward (contrasts: TD choice money > TD choice snacks, TD choice snacks > TD choice money). We further compared activity during delayed reward choices for money versus snacks (contrasts: Delayed reward choice money > Delayed reward choice snacks, Delayed reward choice snacks > Delayed reward choice money), and during immediate reward choices for money versus snacks (contrasts: Immediate reward choice money > Immediate reward choice snacks, Immediate reward choice snacks > Immediate reward choice money).
All whole-brain analyses were corrected for multiple comparisons using FWE-correction (p < .05 at the cluster level, with a clusterforming threshold of p < .001).
Region of interest (ROI) analyses
In order to further investigate the neural mechanisms underlying individual differences in TD, we selected ROIs based on prior fMRI studies that focused on TD in adolescents or conceptually similar constructs (e.g., anticipating delays and return sensitivity). We used MarsBar 0.43 (Brett et al., 2002) to extract parameter estimates centered on peak voxels (spheres with a 6-mm radius) reported in these studies. We extracted parameter estimates for the contrast Delayed reward choice > Immediate reward choice. Note that this contrast was unbiased in that it probes brain activity during TD choices, independent of the individual differences in TD and hormone levels with which we subsequently correlated the brain activity (see below). The MNI coordinates of the ROIs and the studies from which they were derived are reported in Table S2 .
The right and left VS were selected to study associations with average impatience (random intercept), amount sensitivity (random amount slope) and hormones. The right and left vmPFC were chosen to examine associations with average impatience (random intercept), and amount sensitivity (random amount slope). The right DLPFC and superior parietal cortex were selected for associations with average impatience (random intercept). The right amygdala and insula were used to study associations with delay sensitivity (random delay slope).
Spearman rank-order correlations examined associations between activation in these ROIs and average impatience, amount sensitivity, and delay sensitivity. We computed partial correlations, controlling for age, to examine the associations of testosterone and estradiol levels with ROI activation and TD. Due to the sex-specific nature of these hormones, these analyses were performed separately for boys and girls.
A false discovery rate (FDR) correction was applied to control for multiple testing (see Benjamini and Hochberg (1995) , for the procedure of computing an FDR-corrected p-value), resulting in a significance threshold of p < .013.
Results
Behavioral results
Correlations
We examined correlations between the three participants-specific BLUPs, and whether they were associated with self-reported daily life discounting and delay aversion (QDQ; to examine their ecological validity) and age. All correlations are presented in Table 1 , while we focus here on those correlations surviving FDR-correction for multiple comparisons. Self-reported delay discounting in daily life (QDQ) was positively correlated with average impatience, indicating that participants who were highly impatient in the TD task also reported increased discounting of delayed rewards in daily life. The participant-specific BLUPs were all highly correlated with each other, but in opposite directions. As expected, average impatience and delay sensitivity were positively correlated, indicating that participants who frequently selected the immediate reward, selected it particularly frequently as the delay preceding the delayed reward increased. Unexpectedly, amount sensitivity was negatively correlated with both average impatience (see Fig. 3 ) and delay sensitivity, indicating that participants who rarely selected the immediate reward, selected it when its magnitude was high. This is shown in Fig. S4 , in which the number of immediate reward choices is plotted as a function of reward magnitude for the participant with the highest amount sensitivity score in this study. As can be seen in Fig. S4 , this participant only selected the immediate reward in 10% of trials, but when she did select it, it was always when its magnitude was highest (8 Euros). Together, these correlations suggest that the TD choices of adolescents who are relatively impatient are driven by a strong sensitivity to delay preceding the larger reward, and a relative insensitivity to amount of the immediate reward. In contrast, TD choices of adolescents who are relatively patient seem to be driven by a strong sensitivity to amount and a relative insensitivity to delay.
We examined whether the three participant-specific BLUPs were correlated between money and snack choices. There were strong positive correlations between money and snacks for average impatience (rho=.78, p < .001), delay sensitivity (rho=.71, p < .001), and amount sensitivity (rho=.55, p < .001).
Gender differences
There was a main effect of gender on TD choice (B=2.36, SE=0.98, χ 2 (1)=5.69, p=.02), indicating that girls were more impatient than boys. The gender by delay sensitivity interaction was significant, indicating that girls were more sensitive to delays than boys (B=2.07, SE=0.96, χ
2
(1)=9.92, p=.002). Gender and amount sensitivity did not show a significant interaction (B=−0.15, SE=0.12, χ 2 (1)=1.42, p=.23).
Mixed-effects model analysis of TD task choices
The delay preceding the delayed reward, the amount of the immediate reward, reward type (snacks vs. money), and the reward type by delay interaction all significantly influenced participants' TD choices. Participants were more likely to choose the immediate reward as the delay to the delayed reward increased (B=6.36, SE=1.06, χ 2 (1)=5.89, p=.02) (see Fig. 4 ), indicating that delay contributed more strongly to TD choice for snack rewards than money. Reward type did not significantly interact with amount (B=−0.07, SE=0.08, χ 2 (1)=0.72, p=.39).
fMRI results
Neural regions involved in TD choices
Consistent with prior TD studies (see Scheres et al. (2013) , for a review), a frontoparietal network was more strongly activated during TD choices than control task choices. This network included the angular gyrus, mOFC, DLPFC, VLPFC, dACC, and anterior PFC (see Table S3 and Fig. 5) .
Delayed reward choices, compared to immediate reward choices, activated the superior parietal cortex (see Table S4 ). There were no regions more active for immediate reward choices than for delayed reward choices.
There were no significant age or gender differences (all p's > .22) in brain activity during TD choices for any contrast (TD choice > Control choice, Delayed reward choice > Immediate reward choice, and Immediate reward choice > Delayed reward choice).
Individual differences
Whole-brain analyses. Average impatience was positively associated with activation of frontoparietal regions (lateral PFC, inferior parietal cortex and dACC) during delayed reward choices, compared to immediate reward choices (see Table S5 and Fig. 6A ). This means that participants who frequently chose the immediate reward, activated frontoparietal brain areas more during delayed reward choices than during immediate reward choices.
Amount sensitivity was positively correlated with dACC activity during immediate reward choices, compared to delayed reward choices (see Table S5 and Fig. 6B ). This means that participants who chose the immediate reward more often as its amount increased activated the dACC more during immediate reward choices than during delayed reward choices. Delay sensitivity was positively correlated with activation of the parietal cortex during delayed reward choices, compared to immediate reward choices (see Table S5 and Fig. 6C ). This means that participants who selected the immediate reward more frequently as the delay preceding the larger reward increased, activated the parietal cortex more during delayed reward choices than immediate reward choices.
ROI analyses. Average impatience was positively correlated with activity of the left VS (rho=.38, p=.004), right VS (rho=.40, p=.003), and DLPFC (rho=.46, p < .001) during delayed reward choices (contrast: delayed reward choice > immediate reward choice) (see Fig. 7A ). Average impatience was also positively correlated with activation of the left vmPFC (rho=−.40, p=.003) during immediate reward choices (contrast: immediate reward choice > delayed reward choice). Amount sensitivity was positively correlated with activation of the left VS (rho=−.40, p=.003) and right VS (rho=−.37, p=.005) during immediate reward choices (contrast: immediate reward choice > delayed reward choice) (see Fig. 7B ). Delay sensitivity was not correlated with activity in the selected ROIs.
For the contrast TD choice > Control choice, there were no significant correlations that survived correction for multiple comparisons.
Controlling for an unequal distribution of choices across participants. Given that participants showed great variability in their TD choices, the power to detect brain activity associated with delayed vs. immediate reward choices may have differed. For instance, participants who made an approximately equal number of immediate and delayed reward choices would have equal power to detect brain activity associated with both choices. However, participants with a strong preference for either delayed or immediate rewards would have greater power to detect brain activity associated with their preferred choice. We explored whether this influenced our findings by creating a variable that indicated the extent to which a participant's choices deviated from an equal distribution of immediate and delayed reward choices. Specifically, we computed how much each participant's choices deviated from 80 choices (i.e., 50% of the 160 TD choices we administered), so that lower scores indicated an equal distribution of choices (e.g., someone who made 80 immediate reward choices and 80 delayed reward choices would receive a score of 0), while higher scores indicated an unequal distribution of choices and thus relatively less power to detect brain activity for either delayed or immediate reward choices (e.g., someone who made 30 immediate reward choices and 130 delayed reward choices would receive a score of 50, as would someone who made 130 immediate and 30 delayed reward choices). We included this variable as a covariate in all the above mentioned whole-brain and ROI analyses that focused on individual differences in TD.
All of the whole-brain and ROI findings remained significant at a corrected threshold. This suggests that our findings were not driven by differences in the power to detect brain activity between participants.
Comparison of TD of money and snacks
First, we performed conjunction analyses to examine brain areas that showed overlap for money and snack TD choices, independent of whether the delayed or immediate reward was selected. TD choices for money and snacks (compared to control task choices) both activated areas in the parietal cortex (see Table S6 and Fig. 8 ). When we examined brain areas that showed overlap for money and snack TD choices during delayed reward choices or immediate reward choices Fig. 3 . Correlation between participants' average impatience and amount sensitivity. Note. A linear smooth function was fitted in R (ggplot2 package), the shaded area around the blue line indicates the 95% confidence interval. In a hierarchical linear regression analysis that included linear, quadratic and cubic trends for amount sensitivity, both linear (β=−0.51; p < .001) and cubic (β=0.76; p=.009) associations were significant. specifically, no overlapping regions were found.
Second, we directly compared brain activity during TD choices for money and snacks. No regions were more active for one reward type or the other. To control for Type II error, we also compared activity during choices for money and snacks using a more lenient threshold (p < .001, uncorrected), but there were no significant differences then either.
Hormone analyses
Testosterone and estradiol levels were not significantly associated with average impatience, or amount or delay sensitivity in boys or girls (all p's > .19). Hormone levels also were not correlated with brain activity during TD choices, neither at the whole-brain level nor the ROI level. Hormone levels also were not significantly correlated with brain activity when we used a more lenient threshold (p < .001, uncorrected).
Discussion
This study examined in adolescents: 1) the neural mechanisms underlying individual differences in TD; 2) overlap and differences between TD of money and snacks; 3) the association between testosterone and estradiol levels and (neural activation during) TD choices. In order to study individual differences, we used a mixed-effects model approach to determine participants' average impatience, and to further decompose TD choices into two components: 1) amount sensitivity; and 2) delay sensitivity. This approach allowed us to delve into the distinct factors underlying the neural mechanisms responsible for individual differences in TD choices.
In order to support our interpretation of the activation of brain areas that correlated significantly with TD, we used Neurosynth (Yarkoni et al., 2011) to determine the posterior probabilities (pp) of the peak voxel of each brain area. The posterior probabilities reflect the conditional probability of a term being used in a study, conditional on activation being present at this voxel. For example, pp=0.80 for 'reward' at a voxel would mean that 80% of studies that report activation at that voxel also use the term 'reward' in their abstracts.
Individual differences in TD
In line with our hypotheses, we found that individual differences in TD were associated with differential activation of frontoparietal brain areas, the VS and vmPFC during TD choices. Consistent with prior research, adolescents who were on average highly impatient engaged the lateral PFC (pp=0.88 for 'cognitive performance'), inferior parietal lobule (pp=0.75 for 'executive functions') and dACC (pp=0.83 for 'conflicting') more strongly during delayed reward choices compared to immediate reward choices (Stanger et al., 2013) . These frontoparietal regions are involved in cognitive control, conflict monitoring and attention (Bunge and Wright, 2007) . It is plausible that more impulsive adolescents recruited these areas preferentially during delayed reward choices because these choices require more effortful control to delay gratification, consistent with the finding that highly impulsive adolescents were also highly sensitive to delay. Delayed reward choices might have been more effortful for highly impulsive adolescents, because they may show decreased neural efficiency and frontoparietal maturity, relative to their less impulsive peers. Consistent with this interpretation, a recent longitudinal study in adolescents reported decreased VLPFC activation over time, and those adolescents who showed the strongest reductions also showed the largest declines in risk-taking (Qu et al., 2015) .
In addition, participants who were on average highly impatient in the TD task also engaged the vmPFC (pp=0.75 for 'reward') more strongly during immediate reward choices and the VS (pp=0.65 for 'regulating') more strongly during delayed reward choices, consistent with prior studies (Hariri et al., 2006; Stanger et al., 2013) . While the finding that more impatient adolescents exhibited greater VS activity during delayed reward choices is in line with a recent study (Stanger et al., 2013) , it does not fit with the notion that the VS is uniquely sensitive to the immediacy of rewards (McClure et al., 2004) . Nevertheless, the VS has multiple functions, and has been shown to play an important role in the regulation of emotions and of impulsive behavior in adolescents and adults as well (Hare et al., 2005; Masten et al., 2009; Pfeifer et al., 2011) . Highly impatient adolescents were also highly sensitive to delay, as indicated by the strong positive Table S3 for details of specific activated regions.
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NeuroImage 153 (2017) 198-210 correlation between average impatience and delay sensitivity in this study. Thus, it may be speculated that the increased VS activity during delayed reward choices might reflect the fact that more impatient adolescents needed to regulate their emotions more strongly than their less impatient peers when they made these choices. In line with our hypotheses, participants who were more sensitive to immediate reward amount demonstrated more VS activity during immediate reward choices. Unexpectedly, adolescents who were more sensitive to immediate reward amount also engaged the dACC (pp=0.73 for 'salience network') more during immediate reward choices. This region has been shown to encode for increasing subjective value of rewards in adults (Kable and Glimcher, 2010) . Increased activity might reflect the emotional salience of immediate rewards for adolescents who are more sensitive to immediate reward amount (Liu et al., 2011) .
Adolescents who were more sensitive to delay in the TD task activated the inferior parietal cortex (pp=0.71 for 'response inhibition'; pp=0.69 for 'attentional control') more during delayed reward choices. This region has been implicated in cognitive control functions, such as attention and inhibition (Cavanna and Trimble, 2006) . Adolescents who are more sensitive to delay may show increased inferior parietal lobule activation during delayed reward choices, because they require more effortful control during these choices. Contrary to our hypotheses, delay sensitivity was not associated with limbic brain areas such as the amygdala and insula. In prior research, enhanced amygdala and insula responses to anticipated delays were observed in individuals with ADHD (Lemiere et al., 2012; Plichta et al., 2009; Wilbertz et al., 2013) . This discrepancy with our findings might be because these responses are specific to individuals with ADHD, or to tasks in which all delays are actually experienced (experiential TD tasks). Experiential tasks are arguably highly emotionally salient , and might tap into an affective component of delay sensitivity (i.e., the subjective feeling of distress induced by the experience of a delay). The TD task we used may have tapped into a more cognitive component of delay sensitivity (i.e., imagining how one would feel if one would experience a delay), since delay sensitivity as assessed with the TD task was not correlated with self-reported delay aversion in daily life (i.e., negative feelings that are experienced during imposed delays). Future studies should test this possibility by using experiential TD tasks.
Collectively, our decomposition of TD choices into its underlying components has also provided unique and novel insights into the underlying mechanisms of individual differences in TD in adolescents. Previous studies on individual differences in TD (Benningfield et al., 2014; de Water et al., 2014; Ripke et al., 2012; Stanger et al., 2013) have used outcome measures that reflect the average preference for immediate rewards, such as the area under the curve (AUC; Myerson et al., 2001 ) and k rate (Mazur et al., 1987) . These measures do not enable the investigation of the mechanisms underlying steep TD (van den Bos and McClure, 2013) , such as sensitivity to the immediate reward amount and to the delay preceding the larger reward. Decomposing TD choices into its underlying components could aid the development of more personalized interventions to reduce steep TD, as adolescents who are driven by delay sensitivity could benefit from different interventions than those who are driven by amount sensitivity. At the behavioral level, we showed that both amount sensitivity and delay sensitivity contributed to adolescents' average impatience, but in opposite directions. That is, adolescents who are on average highly impatient are particularly driven by a heightened delay sensitivity and less by their amount sensitivity. Conversely, adolescents who are on average highly patient seem to be primarily driven by a heightened immediate reward amount sensitivity (i.e., they only select this reward when its magnitude is high) and less by sensitivity to delays. Highly patient adolescents may strongly prefer the delayed reward because it is higher in magnitude than the immediate rewards. Future studies should test this hypothesis by systematically varying the magnitude of the delayed reward as well. Further, at the neural level, we showed that distinct neural mechanisms are associated with distinct underlying components of TD choice. Consistent with prior studies, we demonstrated that both frontoparietal and limbic brain areas were hyperactive during TD choices in adolescents who were on average highly impatient. In addition, we showed that activity of the parietal cortex was uniquely associated with delay sensitivity, while activity of the VS and dACC was uniquely associated with amount sensitivity.
Our findings on the neural mechanisms underlying individual differences in TD in typically developing adolescents could serve as a template for aberrant neural functioning in adolescents with impulsecontrol disorders (e.g., ADHD, substance abuse, gambling), and may inspire interventions to reduce impulsivity. While steep TD has been observed across different impulse-control disorders (Bickel et al., 2012) , the mixed-effects model approach we used may reveal subtle differences between adolescents with different impulse-control disorders, as they may show differences in particular components of TD choice (i.e., amount sensitivity and delay sensitivity) (cf. Figner et al., 2010; Foerde et al., 2016) . If adolescents with different impulse-control disorders would indeed show differences in specific components of TD choice, this could inspire hypotheses about the specific neural mechan- isms contributing to steep TD in different disorders, as we showed that amount and delay sensitivity have different neural correlates.
We showed that highly impatient adolescents are particularly driven by a heightened sensitivity to delays, suggesting that interventions targeting delay tolerance may be particularly effective (Neef et al., 2001) . We have further identified frontoparietal and limbic (i.e., VS) brain areas that are associated with steep discounting of delayed rewards; activation of these brain areas could be altered by recently developed neurofeedback training programs, such as real time fMRI neurofeedback (Cohen Kadosh et al., 2016) . Further, we showed that differential recruitment of the lateral and medial PFC is related to steep TD, and several cognitive interventions have been shown to alter activation of these regions and reduce TD in young adults, including working memory training (Bickel et al., 2011; Wesley and Bickel, 2014) and episodic prospection training (Benoit et al., 2011; Peters and Buechel, 2010) .
Comparison of TD of money and snack rewards
Consistent with our hypotheses and prior studies (Estle et al., 2007; Jimura et al., 2011) , snack rewards were discounted more steeply than monetary rewards. Estle and colleagues (2007) showed that young adults discounted alcohol just as steeply as candy rewards, and both rewards were discounted more steeply than money. TD of primary rewards may therefore better predict alcohol use than TD of money (Jimura et al., 2011) . Future studies need to examine this hypothesis in adolescents who are at-risk for developing alcohol abuse problems. Despite the behavioral difference between TD of money and snack rewards, there were no brain areas more active for one reward type vs. the other. This might be due to the fact that TD of money and snacks were highly correlated, more highly than in adult studies (Jimura et al., 2011) , possibly because many adolescents use the money they earn or receive from their parents to buy snacks (anecdotally, several partici- pants indicated that they used their money to buy snacks). Prior studies also reported highly overlapping neural substrates for delayed monetary and primary reward choices (Hare et al., 2009 (Hare et al., , 2014 McClure et al., 2004 McClure et al., , 2007 . Consistent with McClure et al. 's findings (2004, 2007) , choices for both reward types showed neural overlap in the parietal cortex in the present study. Given the role of the parietal cortex in cognitive control, the overlap between TD of money and snacks in this region may reflect that exerting effortful control to guide decisions involving rewards and delays is important for TD choices in general, independent of the type of reward.
Pubertal hormones
Testosterone and estradiol levels were surprisingly neither associated with TD choices, nor with neural activity during these choices. Previous behavioral studies, however, also did not find statistically significant associations between testosterone levels and TD (Bromberg et al., 2015; , although Bromberg et al. found a nonsignificant trend towards a positive association between testosterone and a preference for immediate rewards in adolescent boys. Two previous neuroimaging studies showed that testosterone levels were positively correlated with VS responses to reward processing (Braams et al., 2015; Op de Macks et al., 2011) . In contrast with the present study, these investigations employed gambling tasks in which participants received or lost real rewards. It has been proposed that pubertal hormones particularly influence brain areas involved in motivational or emotional tendencies towards sensation-seeking behavior (e.g., the VS) (Crone and Dahl, 2012) . Thus, it might be that associations between hormone levels and brain activation will only be observed when emotionally salient tasks that draw on sensation-seeking tendencies are used, such as gambling tasks involving real money, that include elements of uncertainty and surprise. The TD task of this study and most prior studies might be less emotionally salient than such gambling tasks, since participants do not experience all rewards and delays. Future studies should examine whether associations between hormones and brain activity are observed in experiential TD tasks, in which all rewards and delays are experienced, making these tasks more emotionally salient than the TD task of the present study. Additionally, the relatively modest sample size for the pubertal hormone analyses may have provided insufficient statistical power to detect associations between hormone levels and neural activity underlying TD.
Limitations and future directions
This study had some limitations. Some participants could not be included in analyses, because they showed no variability in their TD choices. This issue could be reduced by using designs in which the amount of the immediate reward is adjusted based on participants' choices (Christakou et al., 2011) , or in which participant-specific choice sets are presented based on a pre-test outside of the scanner (van den Bos et al., 2015) . Further, we used a potentially real TD task, in which one choice was randomly selected and paid to participants at the corresponding delay, under the assumption that participants would choose as if every choice might have real-life consequences. The effects of amount sensitivity and delay sensitivity on TD choices could have been even stronger if all rewards and delays were experienced, such as in experiential or "real" TD tasks (cf. Scheres et al., 2013 Scheres et al., , 2006 .
Future studies could extend the current study in several ways. First, longitudinal studies could examine how changes in the underlying components of TD choices are associated with changes in brain activity, they could elucidate whether functional maturation of frontoparietal areas is delayed in adolescents who are more impatient, and whether brain activation at one time predicts impatience at a later time. Second, although the current study could serve as a template for neural mechanisms of components of impulsivity in adolescents with impulse-control problems (e.g., ADHD and substance abuse), such participants need to be included in future studies to directly compare their brain activity to typically developing adolescents.
Conclusions
In summary, individual differences in TD were associated with differential activity of brain areas implicated in cognitive control (lateral PFC and parietal cortex) and reward valuation (VS and vmPFC) during TD choices. We used mixed-effects modeling to study adolescents' average impatience, and to decompose their TD choices into amount sensitivity and delay sensitivity. Different underlying components contributed to two extremes of the continuum of impulsive choice: highly impatient adolescents were particularly sensitive to delay, while highly patient adolescents were particularly influenced by amount sensitivity. Distinct brain areas were associated with distinct components of TD choice. Both cognitive control and reward valuation areas were associated with average impatience, while reward valuation areas were uniquely implicated in amount sensitivity, and cognitive control areas were uniquely involved in delay sensitivity. Snack rewards were discounted more steeply than money, and the neural correlates of TD for both money and snacks overlapped in the parietal cortex. Pubertal hormones were not robustly correlated with TD choices or neural activity. These findings underscore the value of using models designed to disentangle how underlying components of impulsive choice contribute to a seemingly identical behavioral outcome, and should be extended to adolescents with impulse-control problems.
